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INTRODUCTION TO METALS FOR
ELEVATED~-TEMPERATURE USE

SUMMARY

Modern technology, both military and industrial, is increasingly con-
fronted with temperature limitations. There is a never-ending search for
materials capable of performing desired functions at both higher and lower
temperatures.

This report deals with metals for service at elevated temperatures.
Although the technology is relatively well advanced and the metallurgist has
a wide background of data on which to base his further developments, there
are many people involved in the evaluation of systems and the design and
fabrication of structures who have not had an opportunity to obtain this back-
ground. This report, therefore, has been prepared primarily for the non-
specialist in response to requests for a general review of the field of high-
temperature metals in terms understandable to those who have not had
extensive metallurgical training.

The general categories of metals suitable for application at tempera-
tures in excess of 800 F are discussed, along with the general advantages
and limitations of each. Some generalized mechanical~-and physical-property
data are included, and the problems of reactions at elevated temperatures
are briefly discussed.
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CHARACTERISTICS REQUIRED IN MATERIALS FOR
HIGH-TEMPERATURE SERVICE

To understand which materials are being considered for "high-tempera-
ture'' applications, and why, it is necessary to know what characteristics or
properties are required.

It is convenient to group the desired properties of high-temperature
materials into four categories. The material usually must have certain
mechanical properties — strength, ductility, etc. = at the service tempera-

ture and also must have certain desirable mechanical properties at room
temperature, in order to be fabricated, assembled, and handled successfully.
Oxidation and corrosion resistance are important because the material must

resist or be protected from chemical attack by air or other service environ-
ments at service temperature. It may also have to resist atmospheric cor-
rosion during storage. Physical properties such as density, thermal con-
ductivity, and expansion when heated may also be important. Finally, of
course, it is necessary that the material be capable of being formed into use-
ful shapes, so fabricability — that is, ability to be formed, machined, welded,
etc. — must be considered.

The above and other characteristics desired in a high-temperature
material are discussed in some detail in Appendix A. This appendix should
give the reader who is not familiar with such terms as "yield strength',
""ultimate strength', '"modulus of elasticity', and ''thermionic work function'
an elementary concept of their meaning. These definitions should help
people who are not technical specialists to understand the discussions of vari-
ous materials later in this report.

THE ROLE OF METALS AMONG HIGH-
TEMPERATURE MATERIALS

The properties of those metals which are useful or potentially useful for
service above 800 F are discussed in this report., While the report deals in
detail only with metals, it is helpful to consider metals in comparison with
other materials which are or might be used at such temperatures.

Until a few years ago, the temperature limits for organic materials,
plastics, and elastomers (rubberlike materials) have been well below 800 F.
Experts in the field believe that in time plastics will be available with useful
properties at or above 800 F. Plastics used as ablating materials in rocket
nose cones, for example, become hot enough to decompose but serve prima-
rily to dissipate heat instead of supporting structural loads. For present
applications, this leaves metals, ceramics, metal-ceramic composites, and
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one nonmetallic element, carbon (in the graphite form), for structural com-
ponents that are subjected to high temperatures. Here the word '"ceramics'
is used in the broad sense to include not only the usual oxides, silicates, and
aluminates, but carbides, borides, nitrides, and intermetallic compounds.

Metals differ from other solids primarily because the type of ""atomic
bonding'' = i, e., the nature of the forces which hold the atoms of the mate-
rial together = is different. It is not appropriate here to discuss in detail
these differences, which lie in the realm of solid-state physics. It will be
sufficient to say that the outward manifestations of ''metallic'’ bonding are
the metallic luster, high thermal and electrical conductivity, and ductility
usually associated with pure metals.

It is the combination of ductility, toughness, and mechanical strength
possessed by many metals and alloys which gives them their usefulness both
at room temperature and at temperatures above 800 F. Many metals will
deform to a greater or lesser extent instead of breaking under sudden blows
or severe stresses, Commercial ceramic materials, on the other hand, are
characterized by brittleness and lack of toughness. Therefore, they are used
chiefly in components which are not subjected to severe shock loading. Im-
proved ceramics are under development for rocket nozzles, missile nose
cones, furnace linings, protective coatings for metal parts, and many other
applications which are subjected to high service temperatures. Recently, «
effort has been devoted, with some encouragement, to developing ceramics
with at least some ductility and toughness, but for practical applications
these qualities are still associated almost exclusively with metals. (For a
more detailed discussion of ''ductility'’ and 'toughness'' see Appendix A.)

It should be pointed out that continuing research by Government and
private industry has resulted in new developments in all categories of mate-
rials for elevated-temperature service, Consequently, some of the relatively
new alloy developments mentioned in this report will be superseded by others
in the near future. For this reason, emphasis will be placed on trends or
objectives of alloy-development programs.

HIGH-TEMPERATURE METALS

As implied earlier, the materials which come within the scope of this
report must usually meet some elevated-temperature strength requirements.
For structural applications, this of course is axiomatic. In nonstructural
applications, the material should at least be strong enough not to lose its
shape under its own weight. In any case, whether primarily or secondarily,
strength must be taken into consideration. Therefore, the matter of strength
is emphasized in the discussion that follows.
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The maximum temperature to which a metal retains useful strength
appears to be roughly related to the melting point. Pure metals usually
weaken seriously at about half the melting point on the absolute temperature
scale (melting point in degrees F plus 459). By alloying, the limit of strength
useful for structural purposes can usually be pushed to about 65 per cent of
the melting point on the absolute temperature scale, and in some cases, es-
pecially if time under load and temperature is very short, somewhat higher,
In nonstructural applications, metals and alloys can frequently be used at
temperatures considerably nearer their melting points.

It appears logical, in seeking metals for service at high temperatures,
to start with the metals that have the highest melting points. Table 1 lists all
the elements that have higher melting points than aluminum, in the order of
their melting points (highest first). Aluminum, which melts at 1220 F is
about the lowest melting metal which offers any hope for 800 F service, ac=
cording to the rule of thumb discussed previously. A service temperature of
800 F is 75 per cent of the melting point of unalloyed aluminum on the absolute
temperature scale.* Thus, 800 F is a little high for aluminum, but a special
type of aluminum-base composition known as SAP (sintered aluminum product)
has useful strength for at least short times at this temperature.

Among the elements listed in Table 1, 21 metals and their alloys either
are used now or, based on present information regarding their properties and
abundance, should be considered seriously for service above 800 F., These
metals are listed in Table 2, which also gives some general information about -
them.

There are 34 other elements (in addition to the 21) with melting points
higher than aluminum. These are discussed briefly in Appendix B, together
with reasons for omitting them from consideration as high~temperature mate-
rials at the present time,

Reserves, Production, and Price

Before discussing the metals individually, it is helpful to provide a
brief background on their availability. This factor exercises strong influence
on usage,.

In Table 3 data are presented on the estimated Free World reserves,
production, and price of the 21 metals which with their alloys are now used
or appear to have promise for service above 800 F. Additional resource,
production, and consumption data on the refractory and platinum=-group metals
are shown in Figure 1. Aluminum and iron make up about 8 and 5 per cent,
respectively, of the earth's crust, while the combined total of the other
19 metals is below 1 per cent. Known reserves of zirconium, titanium, iron,

¢ 800 + 459
m X 100 = 75,




TABLE 1. LIST OF ELEMENTS WITH HIGHER MELTING
POINTS THAN ALUMINUM (1220 F)

Those considered as ""high-temperature metals"
and discussed in this report are marked*.

Melting Melting
Element Temperature, F Element ~ Temperature, F
Carbon 6740 Silicon 2570
*Tungsten 6170 Dysprosium 2565
*Rhenium 5755 Terbium 2472
¥Osmium 5432 Gadolinium 2394
*Tantalum 5425 *Beryllium 2332
*Molybdenum 4730 Manganese 2273
*Columbium 4474 Protactinium 2246
*Iridium 4449 Uranium 2070
*Ruthenium 4082 Copper 1981
¥*Hafnium 4032 Samarium 1962
Boron 3690 Gold 1945
¥Rhodium 3571 Actinium 1920
*¥Vanadium 3450 Promethium 1880
*Chromium 3407 Neodymium 1866
%*Zirconium 3366 Silver 1761
*Platinum 3217 Germanium 1719
Thorium 3182 Lanthanum 1688
*Titanium 3035 Praseodymium 1686
Lutetium 3006 Calcium 1540
*Palladium 2826 Europium 1519
Thulium 2813 Ytterbium 1515
Scandium 2802 Arsenic 1503
*Iron 2798 Cerium 1479
Yttrium 2748 Strontium 1414
Erbium 2727 Barium 1317
*¥Cobalt 2723 Radium 1292
Holmium 2662 *Aluminum 1220

*Nickel 2647
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Footnotes to Table 3.

N. A. - Information not available.

(a) Of the 3,006 short tons gross production, 1,624 tons was used as an intermediary in the manufacture of
tungsten carbides and the balance of 1,381 tons went into applications for the metal.

(b) Depends on grade or dimensions.

(c) Billet form.

(d) Rondelles,

(e) Estimate,

(f) High-purity, 99 + per cent V.

(g) Commercial grade, approximately 90 per cent V.

(h) Electrolytic grade, platelets.

(1) Commercial grade.

(i) Reactor-grade.

(k) Reactor-grade cold-rolled strip.

(1) Rutile reserves only. Does not include ilmenite or titaniferous magnetites,

{m) Production of pig iron plus ferroalloys.

(n) Pig iron.

(o) Cobalt content of all products, Perhaps 75 per cent of Free-World production was in the form of metal,

(p) Excludes Cuban reserves,

(@) U.S. production chiefly as ferronickel, but includes some salts.

(r) Cold-rolled "A" nickel.

(s) A speculative estimate of Be content of deposits containing 0.1 per cent, or better, of beryl or its equivalent,
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CONSUMPTION, OF REFRACTORY METALS AND THE PLATINUM~-GROUP METALS IN 1957

Rhenium capacity used for U.S. consumption and production. Actual use much less.

Source: Report MAB-154-M, Volume 1. Materials Advisory Board.




12

cobalt, nickel and aluminum in Free-World ores appear to be adequate for
many years, even at increased rates of consumption. Reserves of the high-
melting refractory metals, tungsten, tantalum, molybdenum, columbium,
vanadium, and chromium range from very large to adequate. Tantalum,
hafnium, and rhenium concentrates are normally by-products from concen-
trating or purifying other metals, and supplies depend on production of the
other metals. Rhenium and each of the platinum metals constitute less than
0.01 parts per million of the earth's crust.

While the problem of the availability of metals inevitably demands early
consideration of sources and reserves, great caution should be exercised in
dealing with figures on reserves. These figures are usually working approxi-
mations and change with further mining and exploration. Figures on reserves
are strongly influenced also by price-demand relationships and by the atti-
tude of the Government. For example, circumstances may be such that a
particular low-grade ore material is not considered in a calculation of re-
serves; at the market price the working of this ore is impractical. However,
should the price rise or should Government support be involved, it may be-
come practical to work the property. Thereupon, it would be taken into ac-
count in an estimate of reserves.

Availability depends, then, not only on reserves but also on price,
demand, and Government support. In some cases, availability depends on
the situation surrounding another metal in the same ore. For example, the
availability of tantalum is dominated by the production of columbium, the
same ore being the principal source of both metals.

Demand not only influences reserves; it is the dominating factor in the
matter of production capacity. The latter, in turn, is important in consider-
ations of availability. Because there have been periods of high demand in
recent years, capacity to produce many of the high-temperature metals has
increased. To a large extent, the use of some of these metals is related to
the National Defense effort, so their production may fluctuate considerably
depending on the urgency and the nature of the defense programs in force.

On the other hand, some of the high-temperature metals are used in widely
diversified applications such as tool bits, electronic components, electrical
contacts, thermocouples, heating elements, corrosion-resistant equipment,
surgical applications, atomic-reactor components, furnace components,
chemical processing equipment and stationary turbines, which are not neces-
sarily related to military or aerospace hardware. Many of these metals are
also used as alloying elements in iron-, cobalt-, nickel-, and copper-base
alloys. This trend toward diversification has tended to provide increased
stability in the so-called rare-metals industries. At the same time, in-
creased production has made it possible to decrease prices of many of the
less common metals. The consequence is that considerable production ca-
pacity is available for many of the high-temperature metals.

Recovery of the high-temperature metals usually requires difficult and
complex processes, a factor also influencing price and hence availability.
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Processing of certain of the ores is feasible only because two or more metals
can be recovered from the same ore. The chemical symbols of the predom=~
inating minerals are given in Table 3. Usually one will find that several dif-
ferent processes may be used in obtaining any one metal from the ore. The
particular processes that are used commercially often depend on the charac-
teristics desired in the final product as well as on the economics involved.
Certain processes produce powdered products, others produce sponge or
crystal bar, while electrolytic methods may yield salid sheets or molten
metal at the cathode. Furthermore, certain processes inherently yield
purer products than others, and this is often a factor in determining which
process is used for a given metal.

Because of the reactive characteristics of many of the metals in
Table 2 and the special precautions that are required in producing them,
production and processing costs are high. Nevertheless, practical methods
for alloying, consolidating, working, casting, heat treating, and welding
certain of these metals have been developed as discussed in later sections
of this report. In fact, advances in certain areas relative to the processing
of these alloys are occurring at a pace that will make some of the informa-
tion in this report out of date soon after publication. However, considerable
research and development work are needed to produce them in larger quanti-
ties, at lower prices, and with improved properties. Properties of the
metals and alloys that show promise for high-temperature service will be
discussed later along with areas for further development.

CATEGORIES OF HIGH-TEMPERATURE METALS

On the basis of expected temperature range of usefulness, availability,
and other properties, the 21 metals singled out as materials for service
above 800 F may be grouped in the following categories:

Abundant Refractory* Metals

Tungsten, tantalum, molybdenum, columbium, vanadium,
and chromium

Rhenium

Platinum~Group Metals

Osmium, iridium, ruthenium, rhodium, platinum, palladium
Hafnium

Zirconium and Titanium (reactive metals)

*Meaning "difficult to melt”,
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Iron (as iron-base high-temperature alloys)

Cobalt and Nickel (as high-temperature alloys including
""superalloys'' and electrical resistance alloys)

Be rzllium

Aluminum (as aluminum alloys)

Refractory Metals

Metals with very high melting points are referred to as ''refractory
metals'. There is no precise definition but, according to the broadest us-
age, only metals with melting points above that of iron are generally con-
sidered as refractory metals. Based on present theoretical concepts and the
rule of thumb previously discussed, it appears unlikely that alloys based on
iron or lower melting metals can be developed which will have high strength
at temperatures above 2000 F, Thus, the term ''refractory metals' is also
used to refer to metals for service above 2000 F, with the understanding that
sufficient strength for structural applications is being implied.

Abundant Refractory Metals

Tungsten, tantalum, molybdenum, columbium, vanadium, and chro-
mium may be classed as relatively abundant refractory metals; that is,
Free World reserves of contained metal are over 100,000 tons for each
metal. The first four show promise in a considerably higher temperature
range than the last two, and sometimes the term ''refractory metals'' is used
narrowly to mean only these four elements and their alloys. At the present
time, these four metals are the only metals which are reasonably abundant
whose alloys show promise of high strength above 2000 F. It is these ele-
ments which are being used or studied for such ultrahigh temperature appli~
cations as rocket nozzles, leading edges and ''hot structures'' of certain re-
entry vehicles, special electronic components, advanced gas turbines, and
ramjet engines.

Tungsten, molybdenum, vanadium, chromium, and to a lesser extent
columbium have been used for years as alloying elements in other metals,
especially iron and steel. In addition, tungsten and molybdenum have been
used in the lamp and electron-tube industry for more than 50 years. Com-
mercially pure tantalum has been used for many years, in modest quantities,
as a structural metal in the chemical industry and elsewhere for its corrosion
resistance. It is only since World War II, however, that these metals have
been seriously considered for use as elevated-temperature structural metals
in their own right. At the present time, a sizable fraction of their total pro-
duction is for structural uses.
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Within the past decade, it has become evident that structural materials
having higher service temperatures than nickel- and cobalt-base alloys are
desirable to achieve higher power and efficiency for turbojet, ramjet, and
rocket engines. Consequently, a number of extensive research and develop-
ment programs have been initiated to evaluate the abundant refractory metals
for critical high-temperature applications.

Development work has been difficult with these metals because of their
low=-temperature brittleness (except for tantalum and columbium), their
tendency to oxidize at elevated temperatures, problems in achieving in-
creased purity, problems in forging and welding, etc. Nevertheless, new
techniques for melting, purifying, consolidating, coating, fabricating, and
welding have been developed which have overcome many of the original prob-
lems. At the present time, several of the abundant refractory metals and
alloys are being used as structural materials in a number of high-
temperature applications.

Characteristics of the abundant refractory metals and some of their
current applications are discussed in the following sections. However, these
characteristics are, to a large extent, dependent on the purity, processing
variables, section size, etc. As research studies continue on the abundant
refractory metals, it will be possible to more accurately define their poten-
tial characteristics and properties for high-temperature structural
applications.

Tungsten. Tungsten has the second highest melting point of the ele-
ments listed in Table 1 and the highest of the metals. This would indicate
that it could be used at higher service temperatures than any of the other
metals, Consequently, it is being used in high-temperature applications be-
yond the useful temperature range of the other refractory metals.

Tungsten is one of the most dense metals; its density is exceeded only
by rhenium, gold, and some of the platinum=-group metals as shown in
Table 2. In rocket boosters, for example, that require minimum structural
weight, the amount of tungsten used in the nozzles is kept to a minimum be-
cause of its high density.

The vapor pressure of tungsten is lower than that of any other metal.
This is an advantage in high-vacuum melting and welding. Even impurities
having relatively low vapor pressures will vaporize to some extent when
tungsten is melted in a high vacuum; thus, partial purification is effected in
the operation,

Because of the tendency for tungsten to oxidize in air at elevated tem-~
peratures, all sintering, melting, heating, and welding must be done in
vacuum, in hydrogen, or in an inert gas. Because of the high vacuum used
when melting tungsten by the arc-melting and electron~-beam melting methods
and the higher temperatures that are possible when using these methods,
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ingots formed by these melting techniques are generally purer than those
produced by sintering of the metal powders. Commercially, tungsten is
forged in air, The oxide formed at the surface tends to serve as a lubricant
in the forging operation.

Tungsten metal of commercial purity is relatively hard, brittle, and
difficult to form and machine. However, on an experimental scale, tungsten
has been produced with sufficient ductility to permit cold rolling at room
temperature. Furthermore, it has been reported that electron-beam melted
ingots have been made sufficiently pure and with fine enough grains (with a
proprietary additive) to permit direct forging of the ingot. Normally, tung-
sten ingots are extruded to reduce the grain size before forging is attempted.

Tungsten is obtained as powder by any one of several reduction proc-
esses. The powder is pressed into bars, presintered in hydrogen, and then
resintered by passing high electric currents through it. The current is in-
creased gradually to permit the volatile impurities to escape through the
porous structure. The sintered bars may be forged at 2750 to 3100 F and
""hot-cold" worked by swaging or rolling. Hot-cold working, which is carried
out at elevated temperatures but below the recrystallization temperature,
develops a fiber structure in the metal that improves its low-temperature
ductility. If the metal is heated above the recrystallization temperature, it
is converted to the annealed structure and loses the low-temperature ductil~
ity that had been gained by the hot-cold working.

Cast ingots of tungsten may be made by using the sintered bars as elec
trodes in a consumable-electrode vacuum=-arc furnace. The metal is depos-
ited in a water-cooled copper mold to form an ingot. The sintered bars may
also be melted in an electron-beam furnace. The ingots then may be hot ex-
truded, using a molten glass lubricant, before forging (except as noted
above).

Similar procedures or modifications of these procedures are used in
consolidating and fabricating other refractory metals.

In addition to the well established uses for tungsten such as electrical
contacts, lamp filaments, and electron-tube components, a relatively large
amount of tungsten is being used in solid-propellant-rocket nozzles and other
aerospace components that are exposed to high temperatures.

In rocket nozzles, tungsten may be deposited on a refractory base in
the nozzle by flame spraying the metal with a special flame-spraying gun.
Alternatively, tungsten inserts produced by forging, spinning, or casting may
be located in the throats of the nozzles.

Tungsten has been used structurally in applications requiring primarily
resistance to high temperatures and secondarily strength at temperature. In
such applications, there has appeared to be no advantage in attempting to use
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tungsten alloys because the service temperatures were above the recrystal-
lization temperatures of any of the alloys, However, several tungsten=-alloy
systems have been studied, including those with molybdenum, tantalum,
columbium, zirconium, and rhenium, along with the addition of thoria
(ThO,) to tungsten. The following alloys are of interest:

W-7Mo W-0.88Cb W-ThO,
W=15Mo W=0.1Zr
W-50Mo W=30Re

Mechanical properties of these alloys are discussed in a later section.

Tantalum. Among the metals listed in Table 2, tantalum has the fourth
highest melting point. Only tungsten, rhenium, and osmium melt at higher
temperatures. In spite of this, tantalum has not been used at elevated tem-=
peratures as extensively as have tungsten and molybdenum. However, con=-
siderable work is now being done in developing tantalum alloys for service
at elevated temperatures. These alloys and their properties will be reviewed
later.

Tantalum occurs in columbium ores. As the demand for columbium
increases, increasing amounts of tantalum concentrates become available.
After a difficult and complex separation and reduction process, both metals
are obtained in the form of powder. The powder is pressed in dies to form
bars which are vacuum sintered by passing high currents through them in
much the same way that tungsten powder is consolidated. Ingots may then be
cast in consumable-electrode vacuum=-arc furnaces or electron-beam fur-
naces. The ingots are worked cold because of the reaction of tantalum with
air at high temperatures. Heavy cold working is possible because of the high
room-temperature ductility of tantalum. Intermediate annealing must be
done in vacuum furnaces.

Pure tantalum oxidizes in air at high temperatures even more rapidly
than tungsten. Hence, test specimens or structural members of tantalum
must be contained in high-vacuum systems if they are to be used at elevated
temperatures. Tantalum foil, for example, may be used as a heating ele-
ment up to temperatures higher than can be obtained with molybdenum foil;
however, the vacuum should be about 1 x 104 mm Hg or better.

Tantalum has other characteristics which make it attractive for appli-
cations which are not related to its high melting point, Pure tantalum and
some of its alloys have better ductility and toughness than the other refrac-
tory metals and can be rolled and fabricated easily at room temperature.
Pure tantalum is one of the metals which retains a high degree of ductility
down to -423 F. Furthermore, it does not work harden as rapidly as many
other metals, so high reductions by rolling or swaging are possible between
anneals,
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Tantalum has exceptional resistance to most corrosive media below
300 F. For this reason, tantalum is used in many applications involving
exposure to corrosive environments in the chemical industry. Tantalum is
resistant to oxidation by air to about 500 F. It has been used as a container
for molten sodium, potassium, and other metals and alloys at temperatures
as high as 2200 F (in the absence of air) without being attacked.

A surface oxide film with important dielectric properties can be pro-
duced on tantalum. This fact has made the metal attractive for electrolytic
capacitors., As a consequence, more tantalum has been used for capacitors
than for any other purpose. The oxide film on tantalum also permits its use
as a rectifier in electrical circuits, Because tantalum is easily formed and
welded and has a low vapor pressure, it is also used extensively in elec-
tronic tubes.

Objectives of the tantalum=-alloy development programs have been to
improve the elevated-temperature strength properties and to reduce the rate
of oxidation at elevated temperatures. Some progress has been made in
meeting these objectives, but alloy development is still in the early stages.
Alloys of interest are those with tungsten, molybdenum, columbium, vana-
dium, hafnium, chromium, zirconium, titanium, and aluminum. Properties
of the commercial tantalum alloys are discussed in a later section,

Tantalum has been used successfully as an alloying element in high-
temperature alloys based on other metals.

Molybdenum. As shown in Table 2, the melting temperature of molyb-
denum is 695 degrees below that of tantalum. Because of its high melting
point and relative abundance in the United States, it was the first of the re-
fractory metals considered in this country for high-temperature structural
applications. The primary use of molybdenum had been as an alloying ele-
ment in steels and nickel-base alloys. However, several important alloys of
molybdenum have now been developed that are among the best for use above
1600 F on the basis of strength-density ratios.

As with the other refractory metals, molybdenum exidizes rapidly in
air at elevated temperatures. Therefore, the use of molybdenum and its
alloys for any length of time at elevated temperatures requires protective
atmospheres, vacuum systems, or coatings. Considerable work has been
done on protective coatings for molybdenum components, as discussed in a
later section.

Molybdenum metal is obtained as a powder by a hydrogen-reduction re-
action which is the last step in a series of recovery processes., The proce-
dures for hydrogen reduction, sintering, and casting of molybdenum are
similar to those used for tungsten. In spite of rapid oxidation in air, molyb-
denum forgings and other hot-worked products have been made successfully
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in air. In hot-cold working of molybdenum, the resulting fiber structure has
better strength and ductility than does the annealed recrystallized material.
For this reason, the hot-cold worked condition is desired for applications in
which the service temperature is below the recrystallization temperature.

The fact that molybdenum may be formed and machined to desired
shapes by most fabricating processes adds to its attractiveness for ultra
high-temperature structural applications. Many such applications are ex-
perimental at the present time. Molybdenum is being considered for ramjet
engines, hypersonic vehicles, etc.

Molybdenum has been used for many of the same applications as tung-
sten where the temperatures involved are not so high as.to require the tem-
perature resistance of tungsten. These applications include electrical con-~
tacts, electrodes, electronic components, and rocket nozzles.

In applications where resistance to high temperature is of primary
concern within the useful temperature range for molybdenum, either pure
molybdenum or molybdenum-tungsten alloys may be used. For increased
strength and creep resistance over pure molybdenum, the following alloys
are of interest:

Mo-0. 5Ti Mo-1.25Ti-0. 15Zr
Mo-0.5Ti-0.082Zr Mo=0.52r
Mo-0.5Ti=0.1Zr Mo-30W

Molybdenum-rhenium alloys containing 40 to 50 per cent rhenium are also
available. They have excellent ductility and can be fabricated at room tem-
perature. Furthermore, the molybdenum-rhenium alloys do not becorme em-
brittled when heated to above the recrystallization temperature. However,
the restricted availability of rhenium precludes the use of molybdenum-
rhenium alloys except for small-quantity applications.

Columbium, Columbium has a melting point of 4474 F', which is
256 degrees lower than that of molybdenum. Development of columbium
metal and its alloys for elevated-temperature structural applications was
started only a few years ago, but considerable progress has been made since
then. One factor that has been important in the development of columbium is
its low capture cross section for thermal neutrons in nuclear applications.
For these applications, its favorable fabrication characteristics and high-
temperature mechanical properties also have been an advantage.

In common with the other refractory metals, the tendency for colum-
bium and its alloys to oxidize in air at elevated temperatures has been a
serious disadvantage. A number of alloy-development programs have been
set up to try to overcome this problem. However, the alloying combinations
that have been tried have not achieved the desired oxidation resistance




